Pseudomonas fluorescens strains are important candidates for use as biological control agents to reduce fungal diseases on crop plants. To understand the ecological success of these bacteria and for successful and stable biological control, determination of how these bacteria colonize and persist in soil environments is critical. Here we show that P. fluorescens Pf0-1 is negatively impacted by reduced water availability in soil, but adapts and persists. A pilot transcriptomic study of Pf0-1 colonizing moist and dehydrated soil was used to identify candidate genetic loci, which could play a role in the adaptation to dehydration. Genes predicted to specify alginate production were identified and chosen for functional evaluation. Using deletion mutants, predicted alginate biosynthesis genes were shown to be important for optimal colonization of moist soil, and necessary for adaptation to reduced water availability in dried soil. Our findings extend in vitro studies of water stress into a more natural system and suggest alginate may be an essential extracellular product for the lifestyle of P. fluorescens when growing in soil.
InTRoduCTIon
Biological control of plant pathogens holds promise as an alternative to the use of chemical pesticides in horticulture [1] [2] [3] , which is widely perceived as a negative aspect of disease control. The use of bacteria to control pathogens may allow a reduction in chemical applications or in some cases even the elimination of need for chemical control of pathogens. Reducing chemical pesticide use is desirable among some groups of consumers of horticultural products, and producers of organic produce. Even as part of an integrated pest management strategy on conventional farms, the addition of biological control agents may be beneficial, resulting in reduced costs to growers, and reducing dependence on chemicals to which resistance might arise.
Bacteria of the genus Pseudomonas are frequently found in association with plants and in bulk soil environments. Their ubiquity, abundance, and metabolic versatility suggest important ecological roles. In addition, several P. fluorescens strains have been studied extensively for their potential in the biological control of plant pathogens. Many P. fluorescens strains make potent secondary metabolites in vitro and have disease suppressive activity in greenhouse trials. Prominent examples include P. protegens (formerly P. fluorescens) [for example [4] [5] [6] and P. fluorescens 2-79 [for example 7, 8] . Despite much promise, biological control has met with limited success in a commercial sense because of variable results in field applications. While there is extensive knowledge on the chemistry of secondary metabolites and the genetics and genomics of their production [9, 10] , the understanding of survival and persistence mechanisms is less well developed. These features are important given that rapid colonization may allow competitive exclusion of pathogens, while persistence ensures that the biological control agent is present for a sufficient period of time to be effective.
While several studies have worked toward establishing determinants of fitness in natural environments [for example [11] [12] [13] [14] [15] [16] [17] [18] , they are typically well controlled and avoid environmental fluctuation. However, in natural and agricultural settings, P. fluorescens is likely to encounter fluctuations in a range of biotic and abiotic conditions. The ubiquitous presence of P. fluorescens in soils suggests that they are well adapted to these changes, but the mechanisms by which they adapt to fluctuations while growing in soil are not well studied. An important parameter, which is subject to frequent change, is moisture content. Irrigation in agriculture means that water content of soil fluctuates, and in natural environments soil moisture will change with the incidence of precipitation. Ongoing climate change may also lead to increased drought in agriculturally important regions. Given the importance of bacteria in maintaining soil health and by extension the health of plants, understanding how bacteria respond to low moisture levels and the associated osmotic stress in soil is likely to become increasingly necessary. Several studies have addressed the physiological processes in bacteria, which are important for resisting osmotic stress [for example [19] [20] [21] . The production of exopolysaccharides was associated with protection from osmotic stress in a sand system [22] , and the protective contribution of the production and accumulation of compatible solutes is well known [23] . The potential of drought-tolerant Pseudomonas sp. to enhance seed germination and plant growth during water stress has recently been shown [24] , although the underlying mechanisms have not yet been reported. Global studies of bacterial responses to osmotic stress are largely confined to laboratory systems. Some studies of how Pseudomonas spp. respond to dehydration and altered osmolarity have been carried out by adding solutes to reduce water availability, or using an experimental system termed the pressurized porous surface model (PPSM) [25] . While these studies have begun to expose the potential responses to dehydration, showing widespread gene expression changes and implicating exopolysaccharides (EPS) in adaptation to water stress, they do not necessarily reflect the response that may occur in more natural settings. To build on in vitro studies on dehydration and osmotic stress, we undertook a study in which the response of P. fluorescens Pf0-1, to dehydration stress was examined while the bacteria were growing in soil. Pf0-1 is an isolate from sandy loam soil in Massachusetts, USA [26] , which has served as a model in soil colonization studies [for example 14, 15, 27, 28] . Our data are consistent with a model in which P. fluorescens Pf0-1 responds rapidly to a decrease in moisture, and uses the secreted polysaccharide alginate as a means of adaptation to dehydration and for optimal persistence in soil under both favourably moist and dehydrated conditions.
METHodS

Strains, plasmids and culture conditions, and primers
Bacterial strains and plasmids used in this study are listed in Table 1 . Unless otherwise stated, E. coli strains were grown in LB (Lysogeny Broth) medium [29] at 37 °C with shaking at 150 r.p.m., while P. fluorescens strains were grown at 28 °C in Pseudomonas minimal medium (PMM) [30] with shaking at 150 r.p.m. When required, antibiotics were used at the following concentrations: 50 µg ampicillin ml −1 ; 25 µg kanamycin ml −1 ; 10 µg nalidixic acid ml −1 ; 10 µg or 25 µg tetracycline ml −1 (for E. coli or P. fluorescens, respectively); and 20 µg streptomycin ml −1 . Growth media were solidified with 1.5 % (w/v) bactoagar when required. Oligonucleotide primers were synthesized by Invitrogen, and are listed in Table 2 .
Soil growth assays
The soil used was a fine loam from Sherborn, Massachusetts, sterilized by gamma irradiation. The chemical and physical characteristics of this soil have been described [34] . Bacterial strains were grown for 16 h in PMM with appropriate antibiotics. Cells were then diluted in sterile, distilled H 2 O (sdH 2 O) to approximately 1×10 5 c.f.u. ml −1 . The soil growth assay was carried out as described previously [14] but with the addition of 0.5 % (w/w) CaCO 3 to increase the pH of the soil to approximately seven, as was done previously [15] . Briefly, 1 ml of the diluted cell suspension was added to 5 g of soil and mixed well. The added liquid volume achieved a water-holding capacity of approximately 50 %, after which the inoculated soil samples were transferred to 15 ml conical polypropylene tubes. The bacteria were allowed to acclimate for 30 min, after which a 0.5 g sample of soil was removed and bacteria were recovered and enumerated as has been described previously [28] . The 30 min sample was treated as the initial recoverable population. Samples (0.5 g) were taken periodically for up to 10 days post-inoculation, and culturable bacterial populations were determined from these. Between sampling points, the soil was kept in the dark at room temperature (approximately 22 °C). This procedure was used for both moist and dried (see below) soil.
dehydration of soil
Bacteria were allowed to colonize soil for 48 h prior to any dehydration treatment. After the 48 h period, soil samples were placed into a sterile petri dish on a balance, and left open until the desired volume of water had evaporated from the sample. Reduction in water content was determined by loss of weight, based on the 1 g of water used in the initial inoculation. In the initial experiments 0.2, 0.4 and 0.6 g of water were lost by evaporation. Since 1 ml of liquid represents 50 % of water-holding capacity (WHC), 0.2 ml of liquid would represent 10 % WHC. Thus the loss of 0.2 g of liquid weight is equivalent to a reduction to 40 % of WHC. Likewise, loss of 0.4 g and 0.6 g equate to final WHC of 30 and 20 %, respectively. The pilot transcriptome experiment and experiments on the fitness of alginate mutants used soil that was dried to 30 % WHC. After dehydration, bacterial samples for c.f.u. determination were taken immediately, and then periodically after.
dnA manipulation and Sanger sequencing
DNA manipulations were carried out according to standard protocols [35] or as recommended by the enzyme or kit manufacturer. Restriction and DNA modification enzymes were purchased from New England Biolabs (Ipswich, MA), Invitrogen (Carlsbad, CA) and Agilent (Santa Clara, CA). Genomic DNA for PCR amplification of DNA to be cloned was purified using the Promega Wizard DNA Isolation Kit, and amplified using Herculase II Fusion DNA polymerase (Agilent). Where appropriate, PCR products were A-tailed (Klenow exo-; NEB) and cloned with pGEM-T Easy (Promega; Madison, WI). Screening of mutants and for positive clones was carried out by colony PCR using Taq polymerase with Thermopol II buffer (NEB). Plasmid DNA was purified from E. coli using a QIAprep Spin Miniprep kit (Qiagen, Valencia, CA), and DNA fragments were purified from agarose gels using a QIAEX II Gel Extraction Kit (Qiagen). Sanger sequencing was carried out at the MGH DNA Core Facility (Cambridge, MA).
Construction and characterization of algB, alg44 and algD mutants
Deletion mutants were constructed using splicing by overlap extension (SOE)-PCR [36] . Primers used to amplify approximately 500 bp on both sides of each target gene, and to splice those fragments, are shown in Table 2 . Deletion constructs generated by PCR were first cloned with pGEM-T Easy, and then released with NotI digestion. These constructs were then cloned with pSR47s, transferred to Pf0-1 by conjugation, and selected for by kanamycin resistance and sucrose susceptibility. Allele exchange was used to replace the wild-type sequence with the deletion. After growth of transconjugants without selection, putative recombinants lacking pSR47s were selected (sucrose tolerant) and screened by PCR for the presence of the desired deletion.
Growth of Pf0-1 and the three alginate mutants was compared in PMM and LB media. Cultures grown for 18 h were diluted 1:100 in fresh medium in a round-bottom 96-well microtitre plate (ThermoFisher). Bacteria were grown in the 96-well plates at 37 °C with periodic shaking (every 10 min) in a Thermo Scientific Varioskan flash multimode plate reader. The OD 600 was determined every 10 min directly after shaking over the course of 24 h. Growth curves were generated based on the averages taken for each OD 600 reading (three technical replicates for each of three independent experiments).
RnA extraction from Pf0-1 growing in soil
RNA from Pf0-1 growing in sterile soil (2 g samples) was harvested using MO BIO Laboratories (Carlsbad, CA) RNA PowerSoil Total RNA Isolation Kit, following the instructions from the manufacturer. These initial RNA samples were further purified by two treatments with the OneStep PCR Inhibitor Removal Kit (Zymo; Irvine, CA) in order to remove PCR inhibitors that would interfere with enzymatic steps of RNA-seq library synthesis. RNA was then treated with RQ1 DNase (Promega) for 1 h at 37 °C and purified using an RNeasy Mini Kit (Qiagen). Total RNA yields were measured using a Thermo Nanodrop 2000 spectrophotometer.
Transcriptome library synthesis and sequencing
Prior to transcriptome library preparation, the quantity of rRNA was reduced in the total RNA extracts by treatment with the Ribo-Zero rRNA Removal Kit for Gram negative bacteria (Epicentre; Madison, WI), using 1.5 µg of starting material, and following the instructions of the manufacturer. Following rRNA depletion, transcriptome libraries for Illumina sequencing were prepared using the Epicentre ScriptSeq v2 RNA-seq Library Preparation kit beginning with 50 ng of RNA. Index primers were used to amplify the libraries, enabling multiplexing of the samples (eight in one lane, four in another). The 400-500 bp region was selected from the amplified library by excision from a 1.5 % agarose gel and subsequent purification using a QIAquick Gel Extraction Kit (Qiagen).
Libraries were sequenced at the Tufts Genomics Core (Boston, MA) using the Illumina TruSeq primer to produce single-end 
Transcriptome data analysis
Transcriptome data were analysed using CLC Genomics Workbench v 7.5. To remove sequence reads representing rRNA from Pf0-1, which were not removed by RiboZero treatment, all reads were mapped to the rDNA sequence and those reads that did not match the rDNA sequences were retained and mapped to the Pf0-1 genome (GenBank NC_007492.2).
To quantify gene expression, the RPKM (sequence reads per kb of the gene's coding sequence, per million total reads) for each predicted gene was determined. Data from two replicates for each treatment were averaged and then experimental and control samples were compared to identify differentially expressed genes. Statistical significance of expression changes was determined using Baggerley's test with false discovery rate (FDR) correction for which CLC Genomics Workbench uses the Benjamini and Hochberg method [37] . A third replicate was excluded because the population of bacteria in the soil was more than tenfold lower than average, suggesting a problem with the experiment, which could impact gene expression.
Statistical analyses
All statistical analyses of soil population data were carried out using GraphPad Prism version 6.05. Statistical tests used are specified in the text.
RESuLTS
Survival of P. fluorescens Pf0-1 under dehydration stress in soil
In previous studies, P. fluorescens Pf0-1 has been shown to persist with little population change for at least 10 days in soil moistened to 50 % WHC [for example 38, 39] , and in our unpublished studies we have observed Pf0-1 populations to remain stable over the course of at least 30 days. To determine the impact of dehydration on Pf0-1 populations, we inoculated four parallel samples of moist soil with Pf0-1 and allowed the bacteria to colonize for 48 h. There was no significant difference between populations after 48 h (Fig. 1) . Following colonization, three samples were dehydrated to remove 0.1, 0.2 and 0.3 g of water (leaving samples at 40, 30 and 20 % WHC), while one was left untreated (remained at 50 % WHC). The culturable population of P. fluorescens Pf0-1 in each treatment group was determined daily after the dehydration treatments. After 1 day, the two most severe dehydration treatments (20 and 30 % water loss) were associated with significantly lower populations than the untreated control sample (P<0.05), while 10 % water loss did not result in a significant difference. By 3 days post-dehydration, all three treatments resulted in significantly lower populations than the control. At day 5, the population of Pf0-1 in untreated samples and the populations in treated samples were more similar and not significantly different. The 20 % water loss condition was chosen for further study as there was a significant impact from the treatment, but sufficient viable cells remained such that extraction of nucleic acids from soil-grown samples would be feasible. Statistical significance in this section was determined by one-way ANOVA with Tukey's multiple comparison test.
Alginate genes respond to acute dehydration stress
Because of the technical challenges of working with RNA extracted from our sandy loam soil, and the limited power of the two replicates, we focused our analysis of the RNA-seq data on identifying candidate genes, which may have a role in resisting dehydration stress, which could be experimentally tested. We examined the set of putatively up-regulated genes from the acute dehydration sample for genes potentially important for stress tolerance. To further support the identification of candidate genes, we focused our search on clusters of genes predicted to be operons and which exhibited up-regulation of expression. We then carried out functional studies to examine the importance of these genes.
The gene cluster Plf01_0949-0960 is similar to the alginate biosynthesis cluster PA3551-3540 of P. aeruginosa. From the pilot transcriptome data, half of the genes within Plf01_0949-0960 displayed significantly elevated expression levels (Baggerley's test with FDR correction using the Benjamini and Hochberg method) in response to immediate dehydration, suggesting increased alginate production (Fig. 2) . Data for the other genes in the cluster suggest up-regulation but the expression change did not meet the significance threshold of P<0.05. The immediate response to water stress resulted in significant 4.8-29.9-fold increases in expression of six of 12 alginate genes in this locus. Expression of algD, algK and algX, each increased by greater than 25-fold when compared to moist control conditions. Interestingly, none of the alginate genes showed an indication of elevated expression relative to controls after long-term water stress. Because the RNA-seq used was a low power method to find candidate genes, any possible role for alg needed to be established by experimental means.
Alginate is required for optimal colonization of moist soil
Although not all changes in alg gene expression were classified as significant by Baggerley's test, the putative change of alg gene expression in response to reduced water content was intriguing in light of previous studies using culture-based simulations of reduced water content, which indicated a role for alginate or other EPS in tolerance of desiccation [40, 41] . These facts led us to explore the possible importance of alg genes for soil colonization and persistence.
To assess the importance of alginate for tolerance of dehydration in the soil environment, the genes algB, algD and alg44, were each deleted from Pf0-1. These genes were chosen because their products have distinct roles in producing alginate, and loss of each would be predicted to result in reduced ability to produce alginate. In P. aeruginosa, Alg44 is necessary for alginate production, and functions as a co-polymerase for alginate polymerization [42] and interacts with the alginate polymerase Alg8 [43] . Alg44 has a PilZ domain to which cyclic di-GMP binds and promotes alginate polymerization [44] . AlgD is a cytoplasmic protein the function of which is GDP-mannose dehydrogenase for synthesis of the alginate precursor activated nucleotide sugar GDP-mannuronate [45] . AlgB in an NtrC family response regulator, which activates transcription of algD [46, 47] , and is required for alginate production in mucoid P. aeruginosa isolates. Despite the relatively complex regulation of alginate production, algB mutants are predicted to be unable to produce alginate. We tested each deletion mutant for growth defects in laboratory culture (both PMM and LB), to rule out generalized growth defects as causes for any phenotype observed in soil. None of the alg deletion mutants differed from Pf0-1 during growth in either LB (doubling time approximately 37 min) or PMM (doubling time approximately 5.5 h).
In moist (50 % WHC) soil conditions the Pf0-1ΔalgB, Pf0-1ΔalgD and Pf0-1Δalg44 populations were each unable to establish and maintain populations as high as wild-type Pf0-1 (Fig. 3a) . After 24 h of growth in moist soil, the Pf0-1ΔalgB, Pf0-1ΔalgD and Pf0-1Δalg44 mutant populations were at least tenfold lower than the wild-type Pf0-1, despite the soil being inoculated with approximately the same number of bacteria at the beginning of each experiment. Over the 9 days for which the population was monitored, the mutants were unable to establish the same population density as Pf0-1; their populations consistently remained at least tenfold lower. At each time point, the population of each mutant was significantly different from the wild-type (P<0.05, two-way ANOVA with post-hoc Dunnett's multiple comparison test).
Alginate is required for optimal response to dehydration of soil
To assess the importance of alginate on adaptation to dehydration stress, separate soil columns were inoculated with equal numbers of Pf0-1 and the three alg deletion mutants. After 1 day of colonization, mutant populations were similar to those shown above for the moist soil experiments (Fig. 3b) . After 2 days, the soil was dried to 30 % WHC, after which the population of all strains tested decreased (see decline from day 1 to day 2, Fig. 3b ). Of note, the three alg mutants each declined more than the wild-type Pf0-1 after dehydration. Pf0-1ΔalgB populations showed a significant sixfold greater decrease in population size following dehydration when compared to Pf0-1 dehydrated in soil (P=0.004, T-test), while Pf0-1ΔalgD populations showed a 15-fold greater decrease (not significant, P=0.09, T-test) when dehydrated when compared to Pf0-1 in dehydrated soil. Pf0-1Δalg44 populations showed a significant 195-fold greater decrease in population size following dehydration when compared to Pf0-1 dehydrated in soil, the largest overall decline observed of any mutant examined in soil (P=0.002, T-test). At each time point, all mutants had significantly lower populations than Pf0-1 (P<0.05, two-way ANOVA with post-hoc Dunnett's multiple comparison test). Each dehydrated mutant population showed growth and recovery following dehydration for the remainder of the population assay, but neither mutants nor wild-type were able to reach the population density achieved during growth in moist soil. The recovery of mutants was never sufficient to reach a population comparable to the wild-type in the dried conditions, further underscoring the importance of alginate in response to dehydration during growth in soil. After 9 days, when compared to the populations in moist soil, the populations of all alginate mutants and the wild-type strain were significantly lower than in moist soil (P<0.05, T-test). Dehydration clearly impacts Pf0-1, and the absence of the selected alg genes renders Pf0-1 less able to respond to the stress.
dISCuSSIon
Understanding the lives of bacteria where they actually live remains challenging. Advances in DNA sequencing technologies have given unprecedented insight into the makeup and fluctuations of microbial communities in several environments including soil, but the functional characterization of the community members in situ is far less advanced. Conditions in soil are subject to change as a result of both abiotic and biotic perturbations, and successful members of the microbial community need to rapidly and effectively respond to these changes. To address the underlying basis of how P. fluorescens Pf0-1 persists in soil, and to extend research, which used in vitro systems, we have used a simplified sterile soil microcosm and investigated the response to one such abiotic stress, dehydration.
The population data from this study suggest that the ability of P. fluorescens Pf0-1 to thrive in soil is negatively impacted when the soil environment loses moisture. In the most extreme condition tested, where the water was reduced from 50 to 20 % of WHC, the population of Pf0-1 declined, while lesser reductions in moisture resulted in Pf0-1 being unable to establish the initial population maximum seen at 50 % WHC. Of note, though, is that over time the populations under all dehydration conditions tested eventually equilibrate at a similar level to that seen under the 50 % WHC condition, which we routinely consider to be favourable. These data suggest that P. fluorescens Pf0-1 is well adapted to fluctuations in soil moisture and the accompanying osmotic stress, and has mechanisms by which it adapts to minimize the impact of this stress.
P. putida responds rapidly to altered matric potential [25] . At the earliest time point (4 h after reducing matric potential) a widespread response was observed. Among the gene expression responses in P. putida was increased expression of alginate genes. In Pseudomonas sp. alginate production may represent a primary response to water stress, in addition to other functions in maintenance of a stable population. Consistent with the response of alginate genes to reduced matric potential in P. putida, our data indicate that alginate genes are necessary for tolerance of dehydration stress, and also for optimal soil colonization even in moist conditions. At that point, our mutant strains show that alginate was required regardless of the level of hydration. This observation may suggest that the conditions we consider to be normal in soil (50 % WHC) are not well mimicked by laboratory media, where alginate genes do not appear to be required to grow as well as the wild-type strain.
Alginate and other exopolysaccharides are important for the normal development of P. aeruginosa biofilms [48] [49] [50] . Loss of alginate production reduces viable count of bacteria in the biofilm, and impacts the biofilm architecture [51] . In multispecies biofilms, mutations rendering P. aeruginosa alginate defective or over-producing resulted in increased representation of P. aeruginosa in the biofilms, and over-production of alginate was not associated with increased resistance of biofilms to SDS stress [52] . Notably, under conditions of matrix stress P. putida produces alginate, which sequesters water into the microenvironment immediately surrounding the cells, and influences biofilm architecture [40] . In P. fluorescens Pf0-1, alginate could be serving similar functions facilitating long-term persistence in soil, where it is not unreasonable to suggest that the bacteria will be predominantly in a biofilm mode of growth.
Several groups have reported transcriptome experiments investigating the response to osmotic stress. These experiments have all been done under in vitro conditions, in contrast to our functional studies in which we used a simplified in situ system. Clearly, in general terms, all of these experiments have revealed the profound impact of osmotic stress on Pseudomonas sp. Gülez et al. used microarray experiments to assess the transcriptional response of P. putida KT2440 exposed to matric stress [25] . This study is notable in that rather than adding solutes to increase osmotic stress, the PPSM was used to specifically reduce matric potential. Gene expression profiles from the PPSM were different to those observed after adding the solute polyethylene glycol 8000, suggesting that methods, which do not add solutes, give a distinct reflection of the response. The different responses in the distinct in vitro systems highlight the influence of the experimental model on outcomes. While soil remains a challenging environment in which to conduct experiments, the impact of experimental model systems on the data supports our approach, which was to simulate as much as possible the natural response to lowered water availability in situ. Rather than adding a specific solute we reduced water availability and effectively increased the osmotic stress caused by the naturally occurring (uncharacterized) mix of compounds, which would deliver osmotic stress. The approach was limited in that it proved extremely difficult to carry out RNA-seq experiments, but by combining a pilot RNA-seq with functional studies, we have been able to use our soil system to identify the genes necessary for the response to soil moisture loss.
The ability to adapt to stressful conditions in soil is critical to the survival and persistence of the resident bacteria. We have extended the analysis of how Pseudomonas sp. survive reduction in water by carrying out experiments in a soil system, rather than in laboratory culture. Although our transcriptome experiments lack the level of replication necessary to survey the global gene expression response to dehydration, these data were useful in identifying candidate loci of importance in adapting to water stress. More broadly, this work shows that a limited RNA-seq experiment can be used in a similar way to in vivo expression technology [53] and transposon mutagenesis, to highlight potentially interesting candidate loci for further analysis. The alginate biosynthetic locus showed indications of increased gene expression after water content was reduced, suggesting a role in adaptation. Genetic analysis confirmed the importance of alginate genes in response to dehydration, and also revealed a role for alginate in persistence in moist soil. These experiments add to the understanding of factors affecting fitness in soil, which is critical for understanding microbiome communities and for the use of soil organisms in applications such as biological control. 
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